We have found substantial enhancements of the optical matrix elements of Er atoms when water molecules augment the symmetry-breaking electric fields in their crystalline environment. We measure enhancement factors of order 5 for the set of Er energy levels with wavelengths near 1550 nm. These transitions are technologically important because they are used in optical amplifiers for communications.
INTRODUCTION
Essentially all communication systems today use optical amplifiers made of Er atoms imbedded in glass fibers. 1, 2 In these amplifiers, electrons are excited to relatively stable atomic levels of the Er with energies equal to those of the communication signals. A weak optical signal then can generate emission of additional light by stimulating a transition of the electrons to their ground state. The effectiveness of the amplifier depends on the transition probabilities of the Er levels. Both the initial and final electronic states 3 used in these amplifiers are within the 4f shell and so the optical transition is forbidden by parity in an environment with inversion symmetry. However, a local electric field can break the symmetry, and in most hosts, including SiO 2 glass, the symmetry is broken and the Er matrix elements are finite. One can imagine then, that if an Er transition is allowed, albeit weak, it could be enhanced by an increase in the strength of the crystalline electric field that breaks the symmetry. If such a variable could be controllably increased, the matrix element on which the amplifier is based could be enhanced, in effect, lighting up the Er. Normally, the Er is very stable and this stability is a positive feature in conventional applications, 1, 2 but we can envision uses of a variable matrix element.
RESULTS
We have found a crystalline host for the Er atoms that has remarkable properties, partly due to its ␤-Gd 2 ͑MnO 4 ͒ 3 crystal structure 4, 5 which is illustrated in Fig. 1͑a͒ . The figure summarizes the results of our measurements of x-ray crystallography, electron scattering, dielectric constant, and optical absorption. The electron scattering image is shown in Fig. 1͑b͒ . The material, LaEr͑MoO 4 ͒ 3 , has large channels in its structure along both the a axis ͑as shown͒ and the b axis. These channels can be seen as pentagonal openings in the figure with diameters of order 5 Å. The openings are bordered by tetrahedra, with Mo in the center, and by decahedra, with rare earth sites in the center, and both can also be made out in the electron scattering image.
A sample for transmission electron microscopy ͑TEM͒ was prepared by epoxying a crystal between two pieces of silicon. This sandwich was used to determine when the sample was thin enough for ion milling by observing the transmission of incandescent light through the silicon. After the crystal sandwich is made the sample is polished to 50 m and dimpled as stated above. The sample is finished by ion milling with Ar ϩ at 3 kV while the sample is cooled with liquid nitrogen. TEM was done using a JEOL 4000 transmission electron microscopy operating at 400 kV.
We find that water ͓simulated by the small molecules in Fig. 1͑a͔͒ can diffuse extremely rapidly into our crystals, presumably down these channels, in marked contrast to most materials, including SiO 2 glass, in which the diffusion of water near temperatures of order 100°C is very slow. 6 We have directly monitored the water concentration in our crystals optically using the OH vibrational mode, as we have a͒ Author to whom correspondence should be addressed; electronic mail: dbubb@nrl.navy.mil, bubbdani@shu.edu; current address: Seton Hall University, Department of Physics, 400 South Orange Ave., South Orange, NJ 07079.
moved water in and out. We have also measured changes in weight of the crystals due to the added water and found that the crystals soak up ͑reversibly͒ about one molecule of water per formula unit of LaEr͑MoO 4 ͒ 3 . We have correlated the changes in water concentration with large changes in the Er absorption intensity, as illustrated in Fig. 2 , and discussed below. We speculate that the water modifies the Er environment by adsorbing at points near the edge of an Er decahedron, as shown in the center of Fig. 1 . The adsorption of this water molecule increases the asymmetry of the decahedron, enhancing the Er optical matrix element and in effect lighting up the decahedra as shown schematically. The absorption matrix elements that we measure are directly related to the emission probabilities through the Einstein relations. 3, 7 We have grown crystals with a multifaceted morphology in thin platelets whose orientation arises from the layered crystal structure, shown in Fig. 1 . We prepared the samples from a flux of MoO 3 , with a flux to sample molar ratio of 1:3. We mixed 49 g total weight of commercial powders of La 2 O 3 , Er 2 O 3 , and MoO 3 in a Pt crucible of 100 cm 3 volume, and encased it in an alumina container. We heated the ensemble to 1200°C, maintained it at that temperature for 10 h, cooled it slowly, at a rate of 2°C/h, to 900°C, and then cooled it more quickly by turning the furnace off. We then cleaned the crystals by etching with HNO 3 to isolate the LaEr͑MoO 4 ͒ 3 . The resulting crystals have a large surface area with microcracks visible under an optical microscope, ideal for the absorption of substantial numbers of molecules, but unsuitable for devices. We studied several crystals, found some contaminated with flux, and present results here on a crystal with unobservably small flux contamination, a small, plate-like sample of dimensions 1ϫ1ϫ0.01 mm.
A graphical illustration of our principal observation, ''lighting up'' Er with water, is shown in Fig. 2 , with the magnitude of the absorption intensity enhancement up to a factor of 5. The effective absorption coefficient is plotted in Fig. 2 as a function of photon energy for two conditions of the sample. This absorption coefficient scales with the transition probability and is defined by the formula
where d is the thickness of the crystal. Here, I 0 is the reference intensity produced by an optical beam from a Michelson interferometric spectrometer, focused to a 0.05 mm di- ameter spot using a spectroscopic microscope in a N 2 gas atmosphere, and detected by absorption in an InSb crystal. We moved the LaEr͑MoO 4 ͒ 3 sample into the focused light beam and recorded the intensity, I. The absorption coefficient was independent of the position of the light on the sample within the accuracy of our measurement.
The sample temperature was controlled and monitored using a specially constructed microfurnace. The apparatus was made by flattening the junction region of a fused, type S, Pt-10%PtRh thermocouple, drilling a hole slightly smaller than the sample at the junction boundary, and clamping the outside edge of the flattened thermocouple to a heater. We placed the sample over the hole and monitored the thermocouple temperature. A second metallic sheet with a similar hole was placed above the sample and thermally connected to the same heater to homogenize the sample temperature.
At sample temperatures between room temperature and Tϭ100°C we found spectra similar to that labeled ''wet'' in the upper part of Fig. 2 . We plot the spectra labeled ''wet'' and ''dry'' in Fig. 2 for the temperature points just below and above the sharp change near 100°C indicated in Figs. 3 and   4 . Because the attenuation of the light due to absorption in the crystals was large, the reflectivity correction is negligible and we approximated the absorption coefficient as the log of the ratio of the transmitted intensities, normalized by sample thickness. As seen in Figs. 3 and 4 , the changes in the spectra due to variations in temperature alone ͑for instance above Tϭ100°C͒ are relatively small and so we justifiably neglect the small temperature difference between the wet and dry data sets in our discussion.
The light transmitted through the sample was strongly scattered by its many crystallite surfaces, and this background was subtracted from the data. This scattering gives rise to an uncertainty in the absolute values of the absorption coefficients, but still allows accurate relative measurements. We also found an absorption band, due to the well-known OH molecular vibration 6 in the energy range from 3000 to 3700 cm Ϫ1 . This band was very strong, indicating OH concentration of order 1%. We observed one of the sets of Er absorption bands 3 in the range from about 6300 to 7000 cm
Ϫ1
, as shown in the figure. This band arises from the transition from the 4 I 15/2 ground state of the f shell to the 4 I 13/2 level. 1 When we heated the sample above Tϭ100°C, we found the effect that is our principal result. The OH absorption band essentially disappeared, indicating tha the water diffused rapidly out of the sample in a time much less than the time of our spectral acquisition of about 10 2 s. This rapid diffusion is undoubtedly facilitated by the presence of the channels down both the a and b axis. At the same time, the intensity of the Er band substantially dropped, as shown in Fig. 2 . We found the effect to be reversible, and we were also able to produce the effect by controlling the partial pressure of water in the surrounding atmosphere with dry Ar gas.
We analyzed the changes in the Er band quantitatively by decomposing the band into seven components as illustrated in Fig. 2 . The crystal field splitting of the 4 I 15/2 to 4 I 13/2 optical transition produces seven levels, 3 and we find an adequate fit with that decomposition as shown in Fig. 2 . Since some of the components are weak or nearly degenerate, we shall discuss the behavior of four groups whose characteristic energies are shown in Fig. 3 : ͑1͒ near 6400 cm Ϫ1 ͑and the small line below͒; ͑2͒ near 6500 cm Ϫ1 ͑2 lines dry, 1 line wet͒; ͑3͒ near 6700 cm Ϫ1 ͑2 lines dry, 3 lines wet͒; and ͑4͒ near 6900 cm Ϫ1 . Figure 3 shows that the peak positions of all four bands shift abruptly at Tϭ100°C and show no anomalies at any other temperatures in the range studied. These shifts in the bands account, in part, for the absorption enhancement curve shown in Fig. 2 .
Using the decomposition of Fig. 2 into these bands we can discuss the changes in the Er transition probabilities independent of the band shifts. We measure the integrated area under the curves to determine the spectral weight of each. Three of the bands show strong enhancements from the dry to the wet state as shown in Fig. 4 . The band peaked at 6500 cm Ϫ1 shows a negligible enhancement, since the single band ͑wet͒ is comparable to the sum of the two nearby bands ͑dry͒. There is a special uncertainty in the 6900 cm Ϫ1 band because it is partially resonant with the second harmonic of the OH vibrational mode. However, we estimate that the OH harmonic contribution is small, broad, and nearer to 7200 cm Ϫ1 , based on scaling the first harmonic observed here by the ratio of the harmonics that have been measured for OH in SiO 2 glass.
DISCUSSION
A general expression 3, 7 for the optical matrix element M of the electric dipole transition with an intermediate state, as in our case, is
where H c is the crystal field component of the Hamiltonian, c is the electric dipole operator, and the sum is over the opposite parity intermediate states ͉␤͘, which in this case are 4F 10 nd and 4F 10 ng (nϭ5,6,7) . As soon as the local symmetry is broken this matrix element is finite and beyond that point it is inaccurate to speak of ''increasing the symmetry breaking.'' When we speak of enhancing the symmetrybreaking electric fields, we are referring to an enhancement in the strength of the coupling to this intermediate state. our results, shown above, indicate that M ab is enhanced over its value without the water by a factor
as a result of the addition of the dipole perturbation ͑of relative concentration, C͒. We define the spectral weight as the area under the curve ͑intensity as a function of photon energy͒ S b , where b refers to the photon energy ͑wave number͒ region of the component or components as discussed above. We use this evaluation, rather than the intensity at a given wave number value, because the lines shift as shown in For all the lines we measure the relative concentration of water by measuring the weight gain by the crystal. The measured dry weight at temperatures above 100°C was 2.029 mg. The weight increased to 2.067 mg when the crystal was saturated with water by immersion in a humid atmosphere near room temperature, indicating a 1.84% change. This weight corresponds to a relative concentration Cϭ0.5 water molecules per rare earth site and is confirmed by an estimate based on the intensity of the optical absorption of the water vibrational mode. Therefore, for the lines shown in Fig. 4 , we have enhancement factors ͓␣ 6400 , ␣ 6700, ␣ 6900 ]ϭ͓4.2, 3.6, 5.1͔. These matrix element enhancement factors are near a factor of 5 and demonstrate the significant sensitivity of the Er matrix elements of the added water. The linewidths of all the Er bands change as a result of the added water. We note particularly that some of the lines remain comparable in width, as shown in Fig. 2 , suggesting that the perturbations from site to site are relatively constant and may show long range order. For this reason we speculate that the water molecules undergo a self-organization in order to minimize their configurational energy.
Although our crystals have long-range ferroelectric order in the temperature range in which we enhance the Er matrix elements with water, we find that the interaction between the Er and the weak ferroelectricity is unobservable. We also measured the real and imaginary parts of the low frequency dielectric constant and observed a small anomaly at the ferroelectric phase transition, T c , but find no observable effect of the introduction of water near Tϭ100°C. These result are in agreement with earlier work 8 on ferroelectric rareearth molybedates which crystallize with the ␤-Gd 2 ͑MoO 4 ͒ 3 structure.
Our results in Figs. 3 and 4 show no anomaly within the accuracy of our measurement as we heat the sample through the ferroelectric transition near T c ϭ250°C and up to 400°C. The absence of ananomaly in the optical matrix element at T c is consistent with the nature of the ordering in the isostructural ␤-Gd 2 ͑MoO 4 ͒ 3 . Previous measurements [9] [10] [11] [12] show that,. at the paraelectric to ferroelectric phase transition, the MoO 4 2Ϫ sublattice shifts opposite to the Gd 3ϩ sublattice along the c axis. The spontaneous net polarization 9, 10 P s is small, with a value of 2ϫ10 Ϫ3 C/m 2 , due to a near cancellation of components parallel and antiparallel to the c axis, i.e., the decahedra shown in Fig. 1͑a͒ are nearly equivalent. In the paraelectric phase, the cancellation is complete with a nearly perfect maintenance of the magnitude of the local dipole moments across the transition indicated by x-ray, 4,5 elastic, 11 and Raman 12 measurements. These indications of a constancy of the internal field confirms our observation of a constant Er matrix element through T c and the conclusion that this ferroelectric phase transition is of the nearly ideal, order-disorder type. We interpret this decoupling of the ferroelectricity from both the Er and the water as an indication that we can neglect the coupling of the crystal structure to both the Er and the water to first order in our study of the interaction of the water dipoles with the Er.
CONCLUSION
In summary, we have used water to enhance the optical matrix elements of the Er transitions near a wavelength of 1550 nm in an unusual crystalline host. Although the host in a ferroelectric state, we find no first-order role of the ferroelectricity in the water enhancement effect. Suitably defined enhancement factors, per water dipole, range from 4.2 to 5.1 in crystals of LaEr͑MoO 4 ͒ 3 . We speculate that the added dipoles are effective because they diffuse into the interior of the crystal through large channels in its structure and sit on sites near Er atoms in a manner that involves a degree of nanoscale self-organization.
